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(54) Tide: METHOD AND APPARATUS FOR AUTOMATICALLY GENERATING SCHEDULES FOR WAFER PROCESSING 
WITHIN A MULTICHAMBER SEMICONDUCTOR WAFER PROCESSING TOOL 



(57) Abstract 

A method and apparatus for producing schedules for a wafer in a multicharaber 
semiconductor wafer processing tool comprising the steps of providing a trace 
denning a series of chambers that are visited by a wafer as the wafer is processed by 
the tool; initiatizing a sequence generator with a value of a variable defining initial 
wafer positioning within the tool; generating all successor variables for the initial 
variable value to produce a series of values of the variable that represent a partial 
schedule; backtracking through the series of variables to produce further partial 
schedules; and stopping the backtracking when all possible variable combinations 
are produced that represent all possible valid schedules for the trace. All the possible 
schedules; are analyzed to determine a schedule that produces the highest throughput 
of all the schedules. 
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METHOD AND APPARATUS FOR AUTOMATICALLY GENERATING 
SCHEDULES FOR WAFER PROCESSING WITHIN A MULT I CHAMBER 
SEMICONDUCTOR WAFER PROCESSING TOOL 

5 BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a multiple chamber 
wafer processing tool and, more particularly, to a method 
and apparatus for automatically generating a * schedule ( s ) for 
10 a semiconductor wafer within a multiple chamber 
semiconductor wafer processing tool. 

2. Description of the Background Art 
Semiconductor wafers are processed to produce 
15 integrated circuits using a plurality of sequential process 
steps. These steps are performed using a plurality of 
process chambers . An assemblage of process . chambers served 
by a wafer transport robot is known as a multiple chamber 
semiconductor wafer processing tool or cluster tool. FIG. 1 
20 depicts, in part, a schematic diagram of an . illustrative 
cluster tool known as the Endura* System manufactured by 

Applied Materials, Inc. of Santa Clara, California. 

The cluster tool 100 contains, for example, four 
process chambers 104, 106, 108, 110, a transfer chamber 112, 
25 a preclean chamber 114, a buffer chamber 116, a wafer 

or ienter /degas chamber 118, a cooldown chamber 102, and a 
pair of loadlock chambers 120 and 122. Each chamber 
represents a different stage or phase of semiconductor wafer 
processing. The buffer chamber 116 is centrally located 
3 0 with respect to the loadlock chambers 120 and 122, the wafer 
orienter/degas chamber 118, the preclean chamber 114 and the 
cooldown chamber 102. To effectuate wafer transfer amongst 
these chambers, the buffer chamber 116 contains a first 
robotic transfer mechanism 124. The wafers 128 are 
35 typically carried from storage to the system in a plastic 
transport cassette 126 that is placed within one of the 
loadlock c ham bers 120 or 122. The robotic transport 
mechanism 124 transports the wafers 128, one at a time, from 
the cassette 126 to any of the three chambers 118, 102, or 
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114. Typically, a given wafer is firsh tM. * • 

chamber 114. The cooldown chamber 102 1» ™„ 
until after t-h» generally not used 

« „ 1 61 " process <*> «ithin the process 

5 ChamterS 104 ' l ° 6 - "0. Individual wa£ J Z7Lr iei 

dill Wa rt fer f CranSP °" "0 that is located I t„T 

distal end of the first robotic mechanism 124. The 
transport operation is controlled by a sequencer 136 
The transfer chamber 112 is surrounded by and has 
10 access to the four process chambers 104 106 m T, 

well as the preclean chamber 114 and the J "* U ° " 
10? iv» r the c °oldown chamber 

transport mechanism 132. The mLnanlsm LT^flT^ 

blade 134 of tZ tZL "*« tr ^°» 

or the second transport mechanism 132 retrieves . 
wafer from the preclean chamber 1 14 and carries that ™ Zr 
to the first stage of processing, for examnl„ Z 
0 vapor deposition (WD) stage ^ ^ ^ 

tne „ a f er , che uafer can 

processing and so on. d Sta9e o£ 

° nce Processing is complete within the process 
5 chambers, the transport mechanism 132 moves l e ZL from 
the process chancer and transports the wafer to In! ,7 
chamber 102. The wafer is then removed f Z he " 
chamber using the first „ cooldown 

ing tne first transport mechanism 124 within 
buffer chafer 116. Lestly. the „ a£er ^J^*"* 
. transport cassette 126 within the loadloc/cu^e 1 2 T 

ajr^TT" a r ster toni contains - • 

to be processed is taken from a loadloc*. pl ace d 
successively into various chambers as each chamber performs 
a particular process upon the wafer Performs 
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throuahT^ tra " " * e traj6Cto ^ ° £ * Particular wafer 
though the cluster tool, that is. a trace is the order in 

which chambers are visited by a wafer (not necessarily c 

after c,, -mis shouid be distinguished from the term "' 

5 processing sequence- which is the order of applying 

processes (recipes, to a wafer, zf more than one chafer 

perform the same process (parallel chambers! , a given 

processing sequence may be satisfied by several different 



10 



A wafer which completes its processing sequence and is 

t IT * \T loadlock is said to * 

of waf Y SPeakin9 ' * C ° 01 ' S Chr ° U9hpUC is the number 

o wafers processed by the tool per unit of time. That is 

xf the tool needs t seconds to process n t wafers, then 

' "7 (3) 
is the tool's throughput measured in the interval [0 t) 

for at 6 " ^ t0 imPr ° Ve the " o1 ' s throughput 

for a given processing sequence. However, one important 
improvement is to use efficient scheduling routines for a 
20 given processing sequence. 

crit 2T T i2ati ° n ° f Scheduli ^ Solves the choice of 
cr.tena used in deciding when to transfer a wafer from one 
chamber into the next (and which wafers should be move! -f 
any. prior to that move,. A routine, which schedules the 
25 movement of wafers through the cluster tool (based on !T 

:::i: r : cessin9 se ™ is reu ^ c ° - * 

The steady-state throughput of a tool under schedulina 
routine A is denoted by S,A, . If n >l then, depend^? 

30 given processing sequence, one m*y consider a number of 
scheduling routines that fulfill the processing sequence 
The routine which maximizes the value of throughput is 
deemed the "optimum- routine and the maximum attainable 
value of throughput is ta o„n as the tool-s -capaci^ That 

35 » i, A is the set of al! possible scheduling routines 1 
a given processing sequence, then A* is optimum if 
S(A*,=max(S(A, |A£A} 

(4) 
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Clearly, the tool's capacity S (A*> depends on a given 

processing sequence as well as on chamber and robot 

fInaTna e e r rf Within ^ Pr ° CeSSing ^ of 

finding efficient scheduling routines for- . • 

5 sequence (especiallv fi„rf< for a 9^en processing 

especially, fmding optimum routines, where 
Poss^e, is of considerate practical importance 

Presently there is not an automatic method of 
determine the best schedule, given a particular trace 
,« " ,aC l . PrOVldeS the hi *eat throughput for that trace ' 
•0 Typically, a trial and error method is used until ^'schedule 
as detained that provides a sufficient throughput 
However, the sufficient throughput may not he the nest 
throughput that is possible for a given trace 
Therefore, a need exists in the »rt f„ 
» apparatus that determines all poss^l 1 J 

partrcular trace and. using a throughput modeling ZZL 
determines the throughput for each of the possible scales 
and seiects a schedule for use within a cluster lo that 
^ proves the maximum throughput for the given tract 

SIJMMARV OP TflE. Turcnn,^ 

The disadvantages heretofore associated with the prior 
art are overcome by an invention of a method and .„ 
for determining all possible schedules l^^XLT 

171 aPPlYln9 9 ChrOU9hPUC "** - -* o he 

schedules, and determining the schedule or schedules tLt 
result in the highest throughput. ' 
More specifically, the invention uses a set of 

30 First, a schedule is defined as a series of "letters- that 
orm a -word-, Bach letter in the word define ^ 
positioning of wafers within a cluster tool, of course the 
Phoning of the wafers within the tool must 

35 n e a' T lett6r KUSC £OUOU £r °" * Predecessor 

-ft: r::::r ce uith a m ~ - - 

Given a letter (input letter, representing present 
wafer positions, the invention computes all possible 
successor wafer positions, i.e.. all possible valid 
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for the lnp ut letter. The invention provides individual 
•«du es- for successor conation for serial traces 
parallel traces, and ndxed: traces. Using a backtracking 
5 technrque to repeatedly confute, fro. any letter, all 
possxble successor letters, and then confute all possible 
successor letters of the successor letters, a schedule L 
rs derived. The schedule tree contains all possible 
schedu es that will f ul£ill . given trace 

10 schedule can then be modeled to determine the expected 
throughput of each schedule. By cohering the t^ougnput 
assorted with each schedule, an optW schedule or 
schedules is identified. 



20 



25 



15 B K J * F PESrRTPTTnw nv w DRAWTMr ^ 

The teachings of the present invention can be readily 
understood by considering the following detailed descr^L 
a- conjunction with the accompanying drawings, in which 

Fig. 1 depxcts a schematic diagram of a. multiple 
chamber semiconductor wafer processing tool being controlled 
by a sequencer that operates using scheduling routines 
generated by a schedule generator in accordance with the 
present invention; 

Fig. 2 depicts block-diagram of schedule generator that 
W^n: PeratiVe StSPS " — - present 

trace'' 9 " ' dePlCtS * fl ° W ° f * s «^l 

30 trace; ^ ' * ^ ***** ° f * A ~****" --d 

Fig. 5 depicts a flow diagram of a schedule 
optxm 1Z ation routine of the present invention- 

Fig. 6 depicts a tree diagram representing all possible 
schedules for a 2 -chafer serial trace- P°ssxble 
3 5 PIG. 6A depicts a schematic diagram of a 2-chamber 

serial trace of FIG. 6 showing a wafer in position (l 0 ) - 

Fig. 7 depots a tree diagram representing all possible 
schedules for a 3-chamber serial trace; 



WO 98/57358 PCTAJS98/11320 

-6- 

FIG. 7A depicts a schematic diagram of a 3 -chamber 
ser.a trace of pig. 7 showing . wafer ^ 

Fig. 8 depicts a tree diagram representing all possible 
schedules for a trace: LL- Cl - (C 2 ,C 3 ) -LL; 
5 FIG. 8A depicts a schematic diagram of a 3-chamber 

mi xed trace of pig. 8 showing a wafer in position ^0, , 

Fxg. 9 depicts a tree diagram containing partial 
schedules as constructed using the present invention^ an d 

10 h« P1CtS 3 fl ° W diagram of a for 

10 producing all possible schedules for a given trace usin 
backtracking technique. USlng * 

To facilitate understanding, identical reference 

7Zt\ h 7 been used - where possible ' to desi — 

^ identical elements that are common to the figures. 

detailed BESCEIBTJQK 

A. Overview of the Invention 

As discussed above, fig i ri««,„«- 

' 1 de Picts, m part, a 

scheme diagram of a conventional multiple 
20- semiconductor „ a£er processing Cool ^ p 

too! 1 o is controlled by a sequencer that Scutes tee 

The present rnventron is embodied in a schedule generator 50 
hat produces scheduling routines which are execute! ^ h 
2 5 sequencer 136. y cne 

PIO. 2 depicts a bloclf diagram of the scheduling 
oenerator 50 that produces ithe scheduling routines executed 
by the sequencer to control the cluster tool 100 of FIG T 
Additionally, the schedule generator 50 operates to ' 
determine an optimal sequencing routine for a given 
processing sequence and tool configuration. Although, the 

z Zi 9 7 rator is shown to rem ° teiy ~ r 

and download one or more schedules to the sequencer, those 
35 be practiced on a processor within the sequencer 

as well as memory 202 for storing a schedule generation 
routine 210. a schedule optimization routine 212 and he 
scheduling routine(s) generated by routines 210 and 212. 
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The microprocessor 200 cooperates with conventional support 
circuitry 206 such as power supplies, clock circuits cH 
and the like as well as circuits that assist in execute 
the software routines As such i ► i executing 
5 , ' lt ls contemplated that 

see ot the process steps discussed herein as software 
processes may be implemented within hardware, e g as 
circuitry that cooperates with the microprocessor ' to Lform 
various process steps r ». schedule J ^ 

10 inPUt/ ° UtPUC 208 that forms „ interface 

TI T T enCi ° nal U/0) devices 214 such L 

a keyboard, mouse, and display as well as an inter ace to 
the sequencer. Although the schedule generator 50 7s 
depicted as a general purpose computer that!., 
determine scheduling routines inTc cord^e I ith " 
» nvention. the invention can be fomented: Z lZZT 

in r ion specific intergrated cirait •««) • - 

such, the process steps described herein are intended to w, 
broadly interpreted as being equivalent* perf^ty 
software, hardware, or a combination thereof 

The automatic schedule generator 50 of 'the present 
invention executes a schedule generation routine "o^at 
generates all possible schedules for a given tr c T 
schedule optimization routine 212 facilitates an automated 
process of producing an optimum schedule for a *JTT * 

disclosure" * de£inUi0nS ^ "~ ^ 

-Tool configuration- describes physical placement of 
chambers within a cluster tool. For examol= \ >. 
30 have chambers c c c and r V ^ "** 

c ; . c, and c„ a LoadLock (LL) as well as 
one or more robots. as wen as 

"Process sequence- is the order in which processes are 
applied to a given wafer. For examol. ■> ■ 1 Ses are 
n-rh „,„ , example, p is the name of the 

n-th process (e.g., etch) and. p p b /, v.- 

" p i' P J- (which also may be 
35 written as P,-*,^,, is a process 

"Processing capability- of a cluster tool is the result 
of mapping a retired process sequence onto the set of 
chambers „i Chin the tool . The 
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called a "trace". For example, a process sequence P^p, 

may be mapped onto four chambers C C C n . ■ 

trace Ul ' C J' c 3 311(3 C 4 to yield a 



LL-*C 1 -»(c 2 v C,)-*C 4 -*ll. 
Note that processes P 3 and P 3 are mapped into chambers C and 
P.. respectively, while process P 2 is mapped into C 2 vc 3 (the 
Process P is performed in both C 2 and C 3 ) . Chambers C and 
C 3 are saxd to be parallel because a wafer visits (is », A 

- into) either C 2 or C 3 (but not both) . In other words ^ 
sxgn v in c 2 vC 3 represents an exclusive OR function. 

"Stage" is a set of one or more chambers which 
correspond to the same process. ' Wafers visit exactly one 
chamber from a given stage. The notation (C x v Cy v Cl ) means 

15 that wafers can move to either chambers C x or C y or C , but 
only into one of the chambers. ^ t is, <C x vC y vC,) is' a stage 
comprised of three -parallel" chambers 

possible wafer and robot states. A string of symbols 
(letters, fro* a finite set of states S is referred to as a 
word, Symbols are represented as Xetters fro. the alPhaLt 
«• For example, if S = {0 , 1}! . then ^ ^ 

» (1,1) are all possible letters in alphabet s and 

(0.1.(1 1) ,0,1, is a word having a length of 3 letters over 
S. Each letter identifies the instantaneous state of the 
tool. For example, as is disoussed in detail below a 
letter „u, y define the particular positioning of a wafer or 

30 wafers within a tool at a particular point I the trace 
Broadly speaking, whatever the specific alphabet a 
schedule s is represented as a word. 



35 



S - xyz. . .uv. . .rtx, 



10 
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which starts and ends with the same letter (e.g., x ) this 
xs the only repeated letter, and a successor v of a given 
letter u must satisfy alphabet dependent rules, i.e., rules 
which define a valid trace. 
5 Traces are available in three different configurations, 

A trace xs a parallel trace if it is comprised of exactly 
one stage; a trace is a serial trace if each stage has 
exactly one chamber and a trace is a mixed trace if it is 
neither serial nor parallel. (Clearly, to have a mixed 
trace, the number of chambers in the trace is at least 
three., A trace is said to be knotted if there is a chamber 
whose name appears more than once in the trace (that is, the 
corresponding process sequence contains a processing loop, 
To illustrate, Figs. 3 and 4 schematically depict 4-stage 
serial and mixed traces, respectively. 

Fig. 5 depicts a high level flow diagram of the 
schedule optimization routine 212. The optimization routine 
contains a schedule generation routine 210 that produces all 

Rou;ine e 212 hedUleS " " ****** ***** » *~ 
Routine 212 is an automated process that performs the 

following steps: 

a) Input a trace L (step 500), 

b) Produce all possible schedules over L (routine 210, 
using a two step. process, where the first step 

25 (step 508, generates all possible successor 

positions (letters, to which a wafer can be moved 
from a present position (letter, and the second 
step (step 510, uses a backtracking technique to 
change wafer positions such that other successor 
positions (letters, can be computed by step 508 
C Evaluate each of the schedules in (b) with respect 
to throughput (for a given set of robot and process 
parameters) (step 504), 
d, Record a schedule or a set of schedules which have 
the highest throughput for the given trace L (step 

Since step (c, requires a throughput simulation program for 
computational efficiency, steps (a,, (b, and (d, are 
generally incorporated into the simulation program 
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* Plurality of embodiments of the present 
discussed beiow in Sections B . c . „ ^ToTlu *" 

?TT' lh Z ecifically ' the de£initions of a «*— * 

(0.1} alphabet, rules for derating sucoessors of a given 

5 letter and modules needed for computation of sucoessors are 
given ^ Seotion , £or a serU1 crace es ors are 

mrxed and parallel traces, m Section D, these processes 
are extended to include robot utilization in the 
computations. Lastly, a generalized backtracking routine 
10 for generate all possible schedules from a given tracT 
applrcable to any trace with or without a robot L 
presented in Section E. 

B. Schedule Generation for Serial Traces 
15 An n-chamber serial trace. n-i 

in ftc t \ . ( illustratively depicted 

in FIG. 3), comprised of chambers C C n ■ 

«noers Cl ,C 2 c n , is associated 

wxth an n-tuple from the alphabet {0,1}*. If ~ x is such a 

tuple, then, for i=l 2 r,. Tr-i rt 

,2 " ; *M =0 ' l£ c, is empty, 

and r[,,=l. u c , contains . ^ & ^ * - 

; ;~ ation - a schedule s is * fini - - ^ 



S- x ... 11 y , 



x, 



25 "* " lth ^ — *»~* — «>is 

the only repeated n-tuple in the string, m addition 

any two consecutive n-tuples u and v in the string. 5 ^ 
a accessor of differ in at most two coordinates and aT 
related » accordance with the following rules- 
..> If „[,].„. then PoraUk>1> - w _. w> (tMs 

corresponds to a wafer being moved from the ioadloc* 
■>> H ibW, then JW.-0. .oralis. ;[.,.;„. (ThU 
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«,) If. for some k*{0,n}, « [k]=l and «[k + l]=o, then v[*]=o 
and v[k + l]=l. For all i e {k , k+1}/ ; [/]= - [q . (This 
corresponds to a wafer being moved from C k into C^.) 

5 FIG. 6 illustrates all possible schedules available (i e 
two schedules) in a 2-chamber serial trace. FIG. 6A depicts 
a schematic diagram of the 2-chamber serial trace of FIG 6 
havxng a wafer in position represented by the 2- tuple (1 0) 
These n-tuples are referred to herein as the coordinates ' of " 

10 wafer posxtxoning. From position (1 <0)< the schedule of 
FIG. 6 dictates that the wafer is next moved to a position 
represented by the 2-tuple (0,1), i.e., a wafer is now in 
chamber C 2 and no wafer is in chamber C,. Thereafter, the 
schedule may follow one of two paths, either the wafer in C 

15 xs moved to the loadlock (a wafer positioning that is 

represented by 2-tuple (0,0), or another wafer is moved into 
chamber C, (a wafer positioning that is represented by 
2-tuple (1,1),. As such , each 2 _ tuple represents a Qf 

possible positions for a wafer or wafers thai validlv 
20 fulfill a step in the trace. . 

Similarly, FIG. 7, illustrates the seven possible' 
schedules available in a 3-chamber serial trace and FIG 7A 
depxcts a schematic diagram of the trace of FIG. 7 having a 

25 !^ r 7 P °^ iti0ning ted by the. 3-tuple (0,1,0). From 

2 5 Fxg. 7, the strxngs 

S p =(l,l,l) (1,1,0)^(1,0,1) (0,1,1,) (1,1,1) 
S w =(1,0,0) (0,1,0) (0,0,1) (0,0,0) (1,0,0) 
S X =<1,0,1) (0,1,1) (0,1,0) (1,1,0) (1,0,1) 

30 z pr zT h rr icuiar scheduiing routines that « ~« 

3 0 by the schedule generator for a three chamber serial trace 

Such schedules may contain a set of robot and chamber" 
parameters that yield higher or lower throughput than other 
schedules xn the set of all schedules. As such, the only 
way to determine an optimum schedule is to examine the 
35 throughput under all possible schedules and, using the 
optxmxzation routine, determine which of the schedules is 
optimal . 
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As mentioned above th* i n 

10. 1) • A fanite string of letters is referred to 

For example, strinos S « » * «, reterred to as a word. 

S m this ten»inoa J a'p^jT * ?? S" 1 '"" 

-letter word .(^ s ^ ^ ' ' °' le ° 9th * ** * 
. . l ' S ' 2 '---S(k) in which next letter SUtli 

depends only on the previous letter S(i) 1-, , ' " ' 
is built according to rules (s ) ,s ) aid . , ' "* 

m accordanoe with these rul s all lettr T^, -T' 
10 schedule are different. A full schedu T T^rT 
WU)W(2, . . .„<„, such that . ' « * ««> 

- For example the word ' ' 

WU -a ; 0 ' ,1 -°: 1,,0 ' 1 -» ^ P-ial schedule, where 
W(l)-d.l.l) and W(4) = ,o,l.l). .(Generally, if w=5 ; - 
15 then Wli).;,). "i»i-- « t . 

From the definition of a schedule, if 5 5 S 4 , , 
Partial schedule, then ^ ls also ' 

*>■ any::::: ( t zi s :[ s k 9iven i - tteris > - - 

to m/2j+ l successors m, , T h*> n,m,K 
successors (variable nmb below, is easilv ^ 
following function: Y determine <* *V the 



30 



25 va? Cti ° n SerCo ^(H k : letter) : integer; 

i/ nmb: integers- 
begin 

nmb:=Q 

for i L =i to n-1 

if "Ji]=l and w k [i + l]=o 
then nmb:=nmb+l- 

■ s^tai" 1 t,( ' i *=j , i> «■*»> 

end; 

where SerCount < ^ represents the nuxnber of successors of " 
m a serial n-chamber trace sin. e • SUCCe ssors of u v 

search an,-* Slnce < ^ an exhaustive 

that must he computed to complete TZ^Z^T" 



35 



40 



10 
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Generating all SerCountU) successors of a given letter 
u is not particularly difficult. As each successor of u is 
generated^ it is stored in a binary matrix 2 that has 
SerCountU) rows and (n + l) columns. The last column of Z is 
5 reserved for a Boolean variable that is set to true if the 
successor was used in a partial schedule and is set to false 
if the successor was not used. This entry is used later in 
the backtracking routine (discussed below with reference to 
FIG.10) that generates all possible schedules for a given 
trace. The successors of a given letter are determined by 
the following function. 



20 



function SerGenerator ( « : letter) : matrix; 

15 i : integer ; 

begin 

if m[1] =_0_then begin 

copy ( u , v ) ; 

v[l] = 1; 

store ( v ,Z) ; 
end;_ 

if u[n] =_l_then begin 
<=ppy ( u , v ) ; 
v[n] = 0j 

25 store (v,Z); 

end; 

for_i:=l to n-JL 

if u[i]=l and m[j + 1J=q then begin 

copy (m,_v); 

v[i]=0; v[f+l]:=i; 

store ( v , Z) ; 
end; 

return (Z) ; 

end; 



30 
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40 



There are two functions which are used repeatedly in 
the above pseudo-code. Function copy (u,v) returns letter 
u that is a replica of letter v. This manner of 
implementing rules ( Sl ) , (s 2 ), and (s 3 ), in which the routine 
first copies u into v and j then modifies v, is not 
inefficient because u and v differ in at most two 
coordinates. Function store (v,Z) copies letter v into a 
proper row of matrix Z. Note that in the above module the 
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routine copies a binary n-tuple twice; clearly, in 
implementation, the routine copies the successor of u 
(slightly altered n-tuple u) into th* « 

directly. 6 Pr ° Per row of ma trix Z 

5 Using the foregoing pseudo-code and given a letter Z ■ 

a serial trace, the pseudo-code generates all Zs^T " " 
successor letters of u and stores the, in matrix 2 For 
example, ln PIG. 7, g ive n the letter (0,0,0), the 
pseudo-code produces a string of valid successor letters 
10 e.g., letters (1,0,1), (0,1,0), (U , 0) , md {Q o oT g" 
a different initial letter a m« ! (0-0,0). Given 

xecter, a different valid set of 
successors is produced, e.g., letter fO 1 m 
letters ll i m m « , -Letter (0,1,0) may produce 

letters (1, 1, 0) , (1, 0 , 1) , (1,0,0) and (0,1,0) 



15 C 



Successor Generation for Mixed and Parallel Traces 
The representation of an n-chamber mixed trace by a 
binary „-tuple is slightly more involved because exactly one 
chamber from a given stage is visited by a wafer ZT^rT 
are no wafer transfers within the stage Thus thT TT, 

20 iTii^T^ must r - ognize ^^Jtsr 

as parallel chambers within a stage, fig. 4 depicts an 
illustrative mixed trace containing four stages wi^ six 
chambers, where chambers C, and C 4 are serial and 7 ! 
Pairs C 2 (a>, c 2 (b) and C (a c lb 

. 2 ™ v, J la) ' c 3( b > are parallel. 

" Without loss of oeneral -i ri, •!«- • 

yeneraiity, it is assumed that- „ 

rr T;< race is c ™ 01 * — 

, , _ * f1 * 2 n «e positions in a binary n - 

tuple x that corresponds to chambers Cl .c, c 

respective*, then positions 1. 2 ,..., M corresponds to 
30 chases in stage !. positions \F l[+m+2 M+w 

correspond to chambers in staoe 2 »n/i 

96 2 ' •»> »o on. if chamber C f 
belongs to sta 3 e F , then position i in the corresponding 
associated binary n-tuple J beiongs to P c and „, e (while , 
in fact, i is one of the consecutive \F\ positions in J) 

in this representation, a schedule is a finite stri™ 
of brnary n-tupUs which starts and ends with the 9 
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binary n-tuple. This is the only a 

-rd. in addition, if v is a successor of f l s ^ . 

a>«er in at most two coordinates and the fo U o w in a , " 
define the reiationship of u an d , , £0U ° Wln3 rUleS 

5 i 

mi) If for some i . ^ _ [t . ]=] ^ ^ 

= (This corresponds to a .wafer being 
moved from the loadlock into stage 1 ) 
< -2) ^ for some i e F]c , then _ [/] = () ^ ^ 

' * <• v[ 7 ] = ^ . (This corresponds tQ a ^ ^ 
-ved from the last stage F]c into the loadlock) 
*3> If for somei 6 , tandsome , € ^ 

51/] = 0. then v[.] = 0 and v[,] = l. For all 
r-ft/}. (This corresponds tQ a wafer 

moved from stage F c into the next stage ^ } 

ln_determining the number of successors of a given 
letter . . lt will be han<Jy ^ ^ & 

where M is the si ze (number of chambers) of stage Ffc The 

i^^^cjsr.^ partition ° f *• « - . 

ges. Clearly, M k=n , where n is the number of 
chambers. The number of successors n f r ■ 
25 the following function: " determine * * 

function Mixcount ( u : letter) , integer ; 

30 begin 1 ' 3 ' nmb:inte ^: 

nmb: =0 

for i.-=i to ifj 
if u[i] = 0 

3 c ^ then nmb:=nmb+l 

for jrsi+jf^ to w 

if «[/] = ! 

then nmb:=nm£)+l 
for t:=l to Jk-i 
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for i : =l+jyf t _ 2 to ^ 
for j:=i+jtf t to Mt+i 
if u[i]=i and «[/] B o 
then nrab:=nm£>+l- 
return (nmb) 
end; 



Odiously, if Mt=t and k=n ^ ^ abQve pseudQ 

MxxCountU") becomes SerCount(S, . Also for - a 
10 n-chamber trace, due to k-1 thi , parallel 
in the above pseudo ^ ^ ^^ents 

loops (since ZT^sTlT^ * °" * 

reduces to: StagS) ' the Pseudo-code 

function ParCount(ff : letter) rinteger; 

i, nmb: integer • 
begin 

20 nznb:=0 ; 

for i:=i to n 

if S[/]=o or u[i]=\ 
then nmb: =n/njfcH-l ; 
return (nmb) 

25 end; 

which always returns nmb = n . Thus 

chamber trace am, • , 3 pure P^allel n- 

amoer trace, any gave n letter has n successors 

functlon tha * generates and stores all «„' 
jo a given ^tter in a mixed trace is: lessors of 

function MixGeneratorU- .-letter, :matrix; 



t, i, j .-integer; 
35 begin 

for i:=l to m 2 

if «[/ J = 0 then begin 

COPY (U , V) ; 

^]:=1; 
end; 

for j^l+jtf^ to M k 

if = 1 then begin 
copy(u , v) ; 
45 *U]*0; 

store ( v , z) 
end; 

for t:=l to Jt-1 
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for i:=l+M t _2 to M t 
for j:=l+jif t to M t+1 

if m = \ and u[j] = Q then begin 
, copy («, y); 

5 v[i]:= 0 ; i7[y] := i ; 

store ( v , Z) 
end; 



10 



return (z) ; 
end; 



Functions copy ^ store 

in the corresponding routine for ^ * ^ ~ 

gain, xf M t - t and k=n m ,the above function, then 
15 MixGenerator(«7> becomes SerGenerator (u ) For „ 

traces, due to k-l '* e zor(u >- For pure parallel 

a ^ leL: «-™. successor o £ 



20 
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function ParGenerator(i7: letter) :xnatrix; 
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i: integer; 
begin 

for i : =i to n 
begin 

copy (u , v) ; 
if B[i]«l 
then v[i]:=0 
else v[/]:=l 

store (v,Z) 
endu- 
re turn (Z) 
end; 



Note the similarity between functions that count 
35 successors and functions that generate successors In fact 
coupons for identifying a successor are identical L w h 
types of function; the difference is wW . "° al in both 

the condition is detected. " °^ 

FIG. 8 depicts an illustrative schedule tree for a 
40 3 - Ch ^^—e, {e . g ., L^ (CjVCj) ^ § ^ ^ 

successors of a particular letter are determined using the 
MixGenerator(«) pseudo-code Fir a* * ■ 
,. uae - FIG - 8A depicts a schemaMV 

diagram of the trace of fig r • T scnematic 

^ce or FIG. 8 having wafers positioned in 
position (1,1,0) lonea ln 
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D. Successor Generation That includes Robot Position 

When the schedule generation routine includes robot 
movements, than to an n-chamber serial txr* 

5 chambers C 1( C, c I- ' COinprised of 

1# ^2 C n/ the routine must associate a 

(n+1) -tuple from {0,l} n X{o l n \ t* - • 

then for i-l ■> -r i * * " SU ° h * tuple < 

then, for a-1,2 n , , [t] = 0 , if chamber ^ . g ^ ^ 

40=1, x£ Ci contains a wafer. Thus, as before, the first 
coordinates of x are from (0,1>. ^ robot position 
10 described by the last coordinate of M e x t 1 

rr^rv^ * and * - an d 

X3 xs a robot coordinate. We set * [n + , ] = * if (and Qnly 
the robot is in a home position at chamber C k . if 
the robot is positioned at the loadlock 

Let S„ represent the alphabet of the above association 
For example, if n =2, then S 2 is comprised of twelve 
3 -tuples, namely, 

8 2 -t(0.0,0). ,0,0,1,. (0.0.. 2 , i( o.l;0,. ( o.l;l,.,o. l!2 ); 
«'0'<».ll.0.1).U.0,2),(l.l,0).(l.l,i,. u , 1>aj} . 

For an n-=hamber serial trace, \S.\ is the number of 
<n + l)-tuples from (D ? l}«, l0 .i „, and ^ 

alphabet % . ta be^, . ^ ^ a ^ ^ ^ 
letters from s n . P or example, 

(0,0/0) (1,0;1, (0,1;2) (0,1;0) (1,1;1) (l,l ; 2) (1,0;0, (1,0;1) 

30 HtZ^T* ^ ^ * "° rd ~*-» -epeateo 

letters. For exa^le, abcdaxy is a word, but not a 
schedule . 

in this representation, a schedule S is a word (a 
strmg of the above described (n+1) -tuples) , 
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which starts and ends with the sa^e letter and this is the 
only repeated letter p,,^^^ the 

S letters ff and v (JhereT L ' "* *" C ° nSaCUti ™ 

iwnere v is a successor of «) <jif f „ ,„ t 

most three coordinates and are related in „ 

the following rules, accordance with 

*> « S[.] = 0and 4, + lJ.o. then ^ ,[„„., 

-or all i e{1 , n+1) , nfl . IW _ (Th . s correspondence ^ 

a wafer being moved from the loadlock to C t ) 
W « =!«] = ■ and + = ^ ^j.^ . [n + i] = o 

^r all i e{n , ntl) , Hf] = ff(iJ (Th . s correspQnds ^ a 
wafer being moved from c„ into the ioadlock. , 
» O If for some «<0.n>. = , Md j,^,,^ ^ 

S[« + l]-r. then v[ r J = o and v[r + ,]=land »[„ + l]„ f+1 
-or all i *{r.r + l. n+1) , ^ 

to a wafer being mbved from c k into C(ku) . where 
ne lt her c k nor c (k+1 , is a loadlock.) 

^ a „,j.o and u> + 1] = y„ here , „ „_ ^ ^ + ^ q 
For all i * art , (Th . s corresponds to a 

robot moving from home position at c, to a hone 
position at a loadlock in preparation for a wafer 
moving from the loadlock into Cl .) 

e, U = ! and ff [ n + 1] = y „ here jV „_ ^ 

For all i * ntl , ^.j,^, (Th . s ^ a 

robot moving £rom . home position at Cj to a home 
position at c„ in preparation for a wafer move from 
C n into loadlock.) 

f) If for some r * {0 ,„ }/ ^ U[r+l] = Q ^ 

u[n + l) = j where „ r< then ^ + 1J = / . por an 

*[<] = *[«]. (This corresponds to a robot moving 
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from a home position at Cj to a home position at c 
in preparation for a water moving £ rora Cf inCo ' 
Co represents the loadlock.) 

5 Note that rules (a), (h) and (,-1 k. 

or e!o 3 reSPe " iVely - *» «- "hot is already 

Preposrtroned to move a wafer, while (a, , ,., • md , f . 
correspond to prepositioning the robot f~ ' „ 

" A routine that oalculates the number of succe« 

9l ven letter as well as finds and stores the! " ' 

designed in a similar manner as in tZ is 
mixed and serial traced "^"^ ° aSeS for 

la, through «» T h *~ * f ° n ° Win9 
15 «„.- ' " * rou tine. the number of 

15 successors „ considerably large because, every til . 

transfer is possible (e.g.. = „ or ^^ Z'" 
s robot M y have to be prepositioned .e.g.. f rom 

any of the n-1 positions } *0 or d *n or Wl , „ achieve 

functions used are modifications of SerC un S Id ~" 
^Generator, a, (or Md ~ 

the foregoing description of SerCount ( a , s " 

Mixcount ( « ) and MixGenerator (El Generator ( ff , , 

robot pos ltl on using the aforementioned rules (aMff 

E r^r scheauies pr °- a * B~i„g 

3 0 Backtracking algorithms use special nr«w 

nrtc . kl _ a at - oru)) fc o Produce everv 

possible schedule given a particular trace. 
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Let ffl be the starting letter of . schedule. ^ using 
the rules for adding a successor letter as discussed in 

^ uTsch d C r D abOW ' ^ £ ° reg ° in9 - 1 e 

partxal schedule, say g.,^, ...^ There ^ ^ 

5 questions to answer ev^rv 

partial ► ^ is * dded to 

partial trace S: 

a) Is " 2 • •"k"k+l a full schedule?. 

b) If u 1 u 2 -..u^ +1 is a full schedule, are there 
other full schedules which have not been recorded? 

A word u^u^.U^ is recognized as a full schedule if 

it xs built according to rules for successor letters and if 
here exists an index i<k + l such that * 
etters • • . * k are dif ferent . ^ 

15 full schedule a routine checks whether or not 

"k+l*"i, i=l,2,...,k, 
for every newly appended letter E M which is a proper 
successor of w k . 

once it is found that 1^, for so»e Kfcn. the 
M routine either prints or stores the full schedule 

"i.l-"^!. To find other schedules, the routine rloves 

"W £rom the £"11 schedule s and looks at „™.„ »v 
successor of S v „ c w . "~ ° t, ~ r «» 

" k ' " Chere t " ««* a successor, say letter 

' r ° Utlne ChSCks i£ »1 -"V- is a full schedule. „ 

»« «"l ...» k I is not a full schedule, the routine looks at 

unused successors of , and so on. „ 5j ...^ is . ^ 

schedule, the routine removes J and looks at ™ fl 
successor of ff„ If fha „ " snottar ^ed 

I£ there are no unused successors of S u 
the routine goes back (backtrack, and looks at unused 
30 successors of ^ and so on, until the routine rettrns to 
he starting letter Basically , ^ ^ 

following sequence of steps: 



4 

10 5 . 
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1. (initialize., Choose the letter u, of a schedule 

and go to Step 2. 
2- If schedule Sl u 2 ...u k is not complete, go to step 
3. Else, go to Step 4. 
5 3. Find a successor letter (of the last letter C k in 

the schedule, which was not used, append it to the 
Partial schedule and go to Step 2 . there are no 
unused successors, go to step 5 
Print or store che scheduU ^ go ^ ^ 

to S^Ts"" "° mOTe SChe<SUleS ' tt » STOP. Else, go 
6. (Backtrack., Remove the last Uttar ^ 
complete schedule and go to step 3 . 

15 Clearly the routine must ensure that it does not print 
(store, duplicate schedules in Step 4 as well as tna TL 
routine has printed (stored, all possible scLoules £ 
former is accomplished in Step 3 where the ,- T 
only an unused successor of L 1~7^T ' * W °* 

20 schedule. The latter , " C ° Che ^ ztial 

condition ,f """"^ ^ * Pr0per terminatioa 

condrtron (for exa^le. the roucine is „ (che 

letter, and there are no unused successors, . It is 

one successor, e.g.. * 1=5 or U, . where , fc is ^ ^ 
25 coin™ (row, of an n by „ idenciCy Mtrix . 

For example, as illustrated in Fig. 9 starting 
lettoi- n ►>.- t . starting with 

letter 0. the routrne builds a tree whose nodes are letters 
If x is such a node, the children of x ar. .„ lett «=- 
letter , and. for serial traces. there £ ZZT " * 

50 sercount.r , of the successors. As such, the routine 

produces 0. 0 ?1 and 5.^ as successive partial schedules 
(The word 0e,e 2 is a directed path from node 0 to node , 
Srnce H ,e 2 and e 3 are successors (children, of e 2 , words 
0.i. a (. 1+ . 2 > and 0«- 1?2?3 ^ ^ 

55 Now, ?3 Has two successors ^ «, ,,,, „ hUe ^ 



10 
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only one successor < ^3,. H ence. Oe^^H 

0. 1^l*! ♦ »,) and 0«F lW 4 are aH partial 
schedules and so on. 

5 „ ri ^ menti0ned letters comprising a given 

* word (or partral schedule, s are distinguished oy the" 
posxtrons; so S(l, is the first letter in s. .<* ls " 
second, and so on. The level of a search ► 
i hM. J i , search tree rs denoted bv 

f 1S " aUo the le "^h of a partial schedule Partial 
schedules of iength L are thus paths of length L ilT e rc h 

T~ SCntU "' retUmS thS —« « -cessors of 

eithe^ oTlr V" 1S Sither SerCOUnCU "» « "~««) or 

I Tis a =~ , t " hiCh «*" cements. 

S rs a partial schedule of length L. then S+ „ or Sw is a 
partral schedule of length M and S , M , simi J" . ! 

Pinaur aPPeDd 3 lettei "* " — r — 3 ^tter, . 
Finally, a commitment to data organization (structure 
is necessary in an efficiently designed routine Z 

20 ::zz: s r t r- ° f — «- - *» ~ - 

successors of a g.ven word) is relatively small. Thus u 
does not make any differon^. ion. 

y airrerence if the routine generates all 

successors of a given letter and stores the., as opposed to 
Really generating the successors one-hy-one as the need 

" A basic schedule generator routine can h» e 

the following five steps: sununarxzed by 

1. initialize the schedule: S<-0 and L-l and go to 
Step 2. 

10 ^" **~ S(L) and 8<— cntiTl ci-«^ s 

^ nc 1 * ' • Store 8 successors of 

*' 311(3 them unused. Go to Step 3. 

3- 8*** and L<- L+ l and 8<-5-l. Mar* * used and go 
to Step 4. 

4. Compare S<L) with S(l), S(2 ) 8(Irl| 

respectively. If S(i)=s(L) for som& 

and L and go to Step 5; else, go to Step 2 
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5- S<-S-S(L> and L*-L-l. if L=1 , ST0P; else> gQ ^ 
Step 6. 

«• M 6-0. go to Step 5. Else (8>0). append an unused 

successor of S(L) to s. .nark it used. 8<-8-l. and go 
5 to step 2. 

In step 1. the routine initializes the schedule s and 
he lave! of the search tree. L. C1 ear ly . L ^ £ *"* 
rnxtraUzed to 1. As for the initia! Utter in schedule s 
10 for convenience, the routine uses a letter that has ™ y 1 

In^Ze * le " er 5 C ° rresponds to a *° "nich 

all chambers are eroty (i e H>» ► i v 

w-y u.e., the tool has just begun 

processing wafers) . 

In step 2. the routine first finds the number of 
15 successors. 8. of the last letter, say r, in a partial 
schedule s (clearly. r=s<l,,. Function cnt , r , returns the 
number of successors of a given letter r. Then, by usinT 
the rules whrch determine the successor of a given letter 
the routine finds, stores and marks unused successors o , 

1 fLT \- i/ uccessor my a record with ««*■ 

is a Boole " aCCUal the second field 

rs a Boolean variable with value true if the successor was 
not used rn a particular partial schedule S and value false 

above ^ ^ " deSCribed in SSCti °- C and D 

letter-"^ 3 ' ^ ° £ ** UnUSad su <™= °f the last 
letter x rs appended to the partial schedule S. the length 
of schedule -L is increased by 1 and the number of IsT 
30 uccessors of , is decreased by 1. (There wiu 

least one successor to any given letter.) 

in step 4. the routine checks if s is a full schedule 
by comparing the newly added (the last, letter S(L, with all 
prev loU s letters S,l,.s,2, s,L-l,. (Thac sho ^ ^ ^ 

27 l T every tine a new lecter is a ^^ « r 

partial schedule ) if e# T \ . 

uuxe., it s(L) is a repeated letter, the 
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routine prints (stores) the schedule; else, the routine 
continues with building the schedule. 

When a partial schedule becomes a full schedule 
S(1)S<2)...S<L), after storing the schedule, the routine 
5 removes the last letter S(L) and look for some other unused 
successor of S(L-l) . 1£ there are some unuse<J successQrs 
the routxne appends a successor to the partial schedule ' 
finds its successors, appends one of these successors and so 



on. 



If there are no successors, the routine removes S(L-l) 
10 from'S and looks for unused successors of S(L -2) and so on 
The program terminates when L=l and 8=0 (meaning there are 
no unused successors of the first letter) . 

The routine above is valid for any representation of 
the scheduling problem. That is, either serial or mixed 
15 traces with letters from {0,1}* or either of ^ 
With robot position being part of the model (and thus 
alphabet from. {0.1} n x tn i 

„ „ „ ' {0,l...,n}). Clearly, functions that 

count and generate successors of a given letter are 
different each time. '■• 

20 Fig. io depicts a flow diagram of a schedule generation 

routxne 1000 that operates as generally discussed Lve 
The routine 1000 begins at step 1002 by initializing the 
schedule, e.g., setting an initial letter to an n-tuple 
<n-strxng) of zeros. At step 1004, the routine finds 

25 stores and marks all unused successors of the last letter in 
a partial schedule. The successor letters are determined 
usxng the pseudo-code routines SerGenerator, ParGenerator 
and MxxGenerator and the number of successor letters for 
each letter is determined using SerCount. ParCount and 

30 MxxCount. Of course, as mentioned above, if the robot 
position is to be taken into account, these pseudo-code 
routines must be appropriately modified to accommodate the 
expanded letters and the modify rules of successor 
generation. 

35 Then, at step 1006, the routine appends an unused 

successor of the last letter to a partial schedule as well 
as xncreases the length of the schedule by one and decreases 
the number of unused successors by one. The routine 
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queries. at step 1008. whether the last letter of the 
partial trace has been reached. If che guery is negatively 
answered the routine proceeds along the No path to step 
1004. If the guery i s affirmatively ensured, the routine 

oTstor^ 0 1010 " here ^ SChedUle iS " ther *>™^ 

Steps 1012. 1014. 1016 and 1018 represent a 
backtracking process. At step 1012. the routine removes the 

10 and reduce the schedule length by one. Thou, at step 1014 
the routine gueries whether the length of schedule is one ' 

HTlO^V* af£lrraatlTOly — th. routine stops at 
step 1016. However, if the guery is negatively answereu. 
the routine proceeds to step 1018. At step 1018 the 

15 routine queries whether there is an unused successor to the 
last letter. If the guery is negatively answered, the 
routine proceeds along the m path to step 1012. otherwise 
the routine proceeds to step 1020 where an unused successor' 
is appended to the partial schedule. The routine then 

20 returns to step 1004. 

Once all possible schedules are determined and stored 
in memory, the schedules are processed by a conventions! 
throughput model. Specifically, each schedule is used by 
the model to predict a throughput for that schedule. The 
25 throughputs for all the schedules are compared to find the 

with th e Tl ' ^ hi9heSt <beStl thIOU9hpUC - «- ~>>edule 

controi tn thr<>U9hPUt " d6emed ° PtlMl - *» — " 

control the sequencer. The throughput model may be executed 

upon the sequencer computer or. more likely, it is executed 
30 on a remote computer, and the optimal schedule is downloaded 
to the sequencer. 

The present invention rapidly computes all possible 
schedules for a given cluster tool configuration. The 
schedules are then executed by a conventional throughput 
35 model to determine the optimal schedule. As such the 

Present invention facilitates automatic determination of an 
optxmal schedule in a rapid and accurate manner that has 
heretofore been unavailable in the prior art. 
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Although various embodiments which incorporate the 
teachings of the present invention have been s hown and 
described ln detail herein, those skilled in the art can 
readxly devxse many of the varied embodiments that still 
5 incorporate these teachings. 



WO 98/57358 PCT/US98/11320 

-28- 



What is claimed is: 



10 



1. A method of producing schedules for processing a wafer 
5 xn a multichamber semiconductor wafer processing tool 
comprising the steps of: 

(a) providing a trace defining a series of chambers 
that are visited by a wafer as the wafer is processed by the 
tool ; 

' (b) initializing a sequence generator with an initial 

2 „\f t T^ 16 de£ininS ™ initU1 Mfer Portioning 
with the tool; and 

(c) generating values of said variable that represent 
all valid successor wafer positions related to the initial 

15 value, where said values of said variable, taken together 
form a partial schedule for processing a wafer. 

2 The method of claim 1 further comprising a step of 
computing a total number of variable values generated from a 
20 given variable value. 

3- The method of claim 1 further comprising the steps of- 

(d) backtracking through said series of variable values 
xn sa ld partial schedule and applying step (c) to each value 
xn said partial schedule to produce further values of said 
variable representing additional series of values that 
represent additional partial schedules; and 

(e) stopping said backtracking when all possible 
variable value combinations are produced that represent all 
possible valid schedules for said trace. 



25 



30 



4. The method of claim 1 wherein a value of said variable 
is a letter and a plurality of letters forms a word. 

3 5 5. The method of claim 4 wherein a valid schedule is 

defined by a word having no more than one repeated letter. 



WO 98/57358 PCT/US98/1 1320 

-29- 

6. The method of claim 4 wherein each letter contains a 
n-tuple, where n represents a total number of wafer 
positions within said trace. 

5 7. The method o£ claim 6 wherein „ represents e total 

number of water positions within said trace plus a transport 
robot position. ^ " 



10 



8. The method of claim 3 further comprising the step of- 

' (f) identifying at least one schedule in all possible 
valid schedules that provides an optimal throughput for the 



9. The method of claim 8 wherein said identifying step „, 

each 7 0nPriSeS °* the throughput f 

each and every schedule of said all possible schedules and 
selecting an optimum schedule for the trace which produces 
the highest throughput. oouces 

20 10 The method of claim 3 wherein said backtracking step 
(d) further comprises the steps of: . 

(a-) initializing a schedule to an n-string of zeros 
having a length of one; 

<b' ) identifying all. unused successors of a last letter 
25 m a partial schedule; teeter 

schedule! aPPendln3 " SUCCeSS ° C t0 Mid "a"" 1 

one Jdl inCreaSin9 ^ l0n9th ° f tte P3rtial sch *^ * 
one and decrease a number of unused successors by one 

. fc , , '. 9Ueryin9 wheCh ^ »e last letter of the partial 
schedule is the same as a previous letter in the partial 
schedule and, i, not. repeat steps ,„.,, (e .,, M 7^ ( ... 
until the last letter of the partial schedule is the aj j 
a previous letter in the partial schedule- 

" a„ d ^ Pa " ial 3CilBAlU as a £u " ^edule 

and storing the length of the full schedule- 

«.' ) removing the last letter of the full schedule to 
produce a new partial schedule and decreasing the length of 
the full schedule by one; 
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(h'J querying whether the length of the new partial 
schedule is one and, if the length is one, stopping; 
otherwise, proceeding to step (i') ; 

5 the i (i ' ) i qUerying Whether " there « an unused successor of 
5 the last etter and, if there are no unused successors of 
the last letter, repeating steps (g<>, (h ., ^ ^ 
there is an unused successor of the last letter; 

<j') appending the unused successor to the' new partial 

10 nuT ; ^ SUCCSSSOr 33 USSd - d basing th. 

10 number of successors by one; and 

(k') returning to step (b'). 

11. The method of claim 1 wherein successor variables 
values are defined by successor generation rules that are 

15 prescribed by wafer processing parameters. 

12. The method of claim 1 wherein successor variable values 
are generated with regard to transport robot positioning. 

Apparatus for producing schedules for processing a 
wafer m a multimember semiconductor wafer processing' tool 
havxng a trace defining a series of chambers that are 
vxsited by a wafer as the wafer is processed by the tool, 
said apparatus comprising-: 

a sequence generator, being initialized with an initial 
value of a variable defining an initial wafer positioning 
within the tool, for generating values of said variable that 
represent all valid successor wafer positions related to the 
initial value, where said values of sai d variable, taken 
together, form a partial schedule for processing a wafer. 

14. The apparatus of claim 13 further comprising means for 
computing a total number of successor variable values 
generated from a given variable value. 

15. The apparatus of claim 13 further comprising- 
means for backtracking through said series of variable 

values in said partial sequence and selecting each value in 
said partial schedule as an input to said sequence generator 



20 13 



WO 98/57358 PCT/US98/11320 

-31- 

which produces further values of said variable representing 
additional series of values that represent additional 
Partial schedules, whereby all possible schedules for said 
trace are generated. 

5 

16. The apparatus of claim 15 further comprising a 
throughput model, coupled to said sequence generator, for 
computing a throughput value for each possible schedule in 
said all possible schedules. 



10 



17. 



The apparatus of data « furchar comprising 
identifying at least one schedule that has the largest 
throughput value . 

15 18. A schedule data structure, stored in a computer 
readable storage medium, of a schedule for processing a 
wafer in a multichamber semiconductor wafer processing tool 
comprising: ■ s 

20 M PlUr ! litY ° f n ~ tUpleS < Where * is a total number of 
20 possible wafer positions, and the plurality of n-tuples 
contains only one duplicate n- tuple. 

19. The schedule data structure of claim 18 wherein n is a 
total number of possible wafer positions plus a position of 

25 transport robot position. 

20 . The schedule data structure of claim 18 wherein the 

n-tuple has a form (x 1 ,x 2 ,x 3 xj , where x defines the 

contents of a particular chamber at a particular point in a 

30 schedule and x has a value 0 when a wafer is not positioned 
m the chamber and a value of 1 when a wafer is positioned 
in the chamber. 
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INITIALIZE: SET SCHEDULE TO N-STRING OF ZEROS 
AND SET ITS LENGTH TO ONE 



-1002 



FIND, STOREAND MARK UNUSED ALL SUCCESSORS 
OF THE LAST LETTER IN A PARTIAL SCHEDULE 



I 



J,004 
1006 



APPEND AN UNUSED SUCCESSOR OFTHE LAST 
LETTER TO A PARTIAL SCHEDULE AND MARK IT USED; 
INCREASETHE LENGTH OFTHE SCHEDULE BY ONE AND 
DECREASE THE NUMBER OF UNUSED SUCCESSORS BY ONE 




|PRINT(OR STORE) THE SCHEDULE AND ITS LENGTH 



-1012 



REMOVE THE UST LETTER (AND DECREASE THE LENGTH OF THE SCHEDULa] 



r 



•1016 



(stop) . 




APPENDS UNUSED SUCCESSOR TO THE PARTIAL SCHEDULE, MARK ITUSED 
AND DECREASE THE NUMBER OF ITS SUCCESSORS BY ONE 
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